Shade-avoidance syndrome is characterized by the formation of elongated petioles and unexpanded leaf blades under low-intensity light, but the genetic basis for these responses is unknown. In this study, two-dimensional mutational analysis revealed that the gene for phytochrome B, PHYB, had opposing effects in the leaf petioles and leaf blades of Arabidopsis, while the ROT3, ACL2, and GAI genes influenced the length of leaf petioles more significantly than the length of leaf blades. Anatomical analysis revealed that the PHYB and ACL2 genes control the length of leaf petioles exclusively via control of the length of individual cells, while the GAI, GA1 and ROT3 genes appeared to control both the elongation and proliferation of petiole cells, in particular, under strong light. By contrast, both the size and the number of cells were affected by the mutations examined in leaf blades. The differential control of leaf petiole length and leaf blade expansion is discussed.
Introduction
A simple leaf is composed of two parts: the stalk or petiole and the leaf blade or lamina. Although the border or junction between the petiole and the blade is not very clear in most species, early anatomical studies revealed that the leaf petiole could be distinguished from the leaf blade during the development of the leaf primordium (Avery 1932 ). More recent analysis of the distribution of mitotic cells in leaf primordia has revealed differences in patterns of development between the leaf petiole and the leaf blade in the model plant Arabidopsis thaliana (L.) Heynh. (Donnelly et al. 1999) .
The genetic regulation of photomorphogenesis appears to differ between the leaf blade and the leaf petiole. Phytochrome, a photoreceptor, controls the expansion of leaf blades and the elongation of petioles in many species (McLaren and Smith 1978 , Morgan and Smith 1979 , Child et al. 1981 , Duke and Lane 1984 . When Arabidopsis plants are irradiated with far-red light at the end of the photoperiod, they exhibit the shade-avoidance syndrome, forming elongated petioles and unexpanded leaf blades (Goto et al. 1991) . This response suggests that development of the leaf petiole and leaf blade is affected differently by a phytochrome-mediated (Phymediated) mechanism of growth regulation in Arabidopsis. Mutants of Arabidopsis with defects in genes for phytochromes have been isolated and their physiology, in particular in terms of control of the elongation of the hypocotyl, has been analyzed in detail. One of these mutants, the far-red elongated1 (fre1) mutant, which has a mutation in the PHY A gene, was reported to exhibit no changes in leaf morphology (Nagatani et al. 1993) . However, the long-hypocotyl hy3 (= phyB) mutant has a mutation in the PHY B gene, which results in longer petioles (Goto et al. 1991 , Nagatani et al. 1991 , Nagatani et al. 1993 , Robson et al. 1993 , Tsukaya 1995 , Devlin et al. 1999 . Therefore, the phy B-mediated perception of light appears to be a controlling factor in the shade-avoidance syndrome.
In some plants, it has been suggested that PHY genes are associated with the biosynthesis or perception of gibberellic acid (GA), which is known to stimulate the elongation of plant organs (Nick and Furuya 1993 , Toyomasu et al. 1994 , Yamaguchi et al. 1998 ). constructed some double mutants of phyB, ga1, and gai to study the relationship between phytochrome-mediated and GA-mediated developmental processes in Arabidopsis Landsberg erecta. They found that the phenotypes of the double mutants were quite complex and a simple model of the relationship between the two pathways was not easily constructed. They did show, however, that a relationship existed between the size of mature leaves and the size of leaf petioles in some mutants , but no two-dimensional or anatomical analysis of organs in the presence of these mutations was performed.
Developmental and molecular genetic techniques have been successfully applied in efforts to elucidate mechanisms responsible for leaf morphology (Tsukaya 1995 , Tsukaya 1998 , Tsukaya 2002a , Tsukaya 2002b , Tsukaya 2002c , Tsukaya et al. 2000 , and the AN and ROT3 genes that control the twodimensional, polarized growth of leaf cells (Tsukaya et al. 1994 , Tsuge et al. 1996 , Kim et al. 1998a ) were identified. These two genes act independently (Tsuge et al. 1996) . The ROT3 gene, a member of the cytochrome P450 family, only controls the longitudinal growth of leaf cells (Kim et al. 1999) while the AN gene controls the expansion of leaf cells in the leaf-width direction (Tsukaya et al. 1994 , Kim et al. 2002 . Although ROT3 regulates the length of leaf blades and petioles specifically under loss-of-function or overexpression conditions (Kim et al. 1999) , some mutations affect leaf petioles and leaf blades differently. For example, the acl2 mutation affects petiole length exclusively .
In this study, we analyzed the genetic control of the elongation of leaf petioles in Arabidopsis, in a comparison with the genetic control of the growth of leaf blades, in order to clarify the genetic regulation of the shade-avoidance syndrome. To examine the genetic control of the growth of leaf petioles, we examined three mutations: phyB-9 (phyB), a null-type mutation that affects the photoreceptor phytochrome B; ga1-2 (ga1), a mutation that affects the synthesis of GA (Sun et al. 1992) ; and gai, a mutation that affects the perception of GA . Two other mutations that are known to affect the elongation of leaf petioles were also studied: acl2-1 (acl2), which affects the elongation of leaf petioles; and the null-type mutation rot3-1 (rot3), which affects the polar elongation of leaf blades and leaf petioles. The following double mutants were constructed and analyzed in order to examine genetic interactions among the various genes: ga1 phyB, gai phyB, phyB rot3, acl2 phyB and acl2 rot3. The ga1-2 gene has an insertion or inversion of more than 3.4 kb in the fourth intron (Sun and Kamiya 1994) and the gai allele has a 17-amino-acid deletion in the amino-terminal region of the gene product . All strains examined shared the genetic background of the Columbia wild type (wt). Previous studies of phyB, ga1, and gai double mutants were performed on a genetic background of Landsberg erecta , but we did not use the erecta background since the erecta mutation is known to cause a defect in the elongation of plant organs (Torii et al. 1996) .
Results

Generation of double mutants and treatment of seeds with GA 3
Treatment of seeds with GA 3 is needed to stimulate the germination of seeds with a homozygous ga1-2 mutation. We examined the effect(s) of GA 3 on wt leaves before the start of further analysis. The dimensions of mature wt fifth leaves, without (n = 10) or with (n = 34) treatment of seeds with 1 mM GA 3 , at standard light intensity (see Materials and Methods) were as follows: length of petiole, 13.4±1.4 mm (without GA) versus 15.9±2.5 mm (with GA); length of leaf blade, 12.3±0.9 mm versus 14.4±3.3 mm; and width of leaf blade, 8.8±0.3 mm versus 9.0±1.5 mm. Thus, treatment with GA 3 increased the length of leaf petioles by 19% and the length of leaf blades by 17% but did not affect the width of leaf blades. These results suggested that the treatment with 1 mM GA 3 stimulated the elongation of leaves only in the leaf-length direction but stimulated leaf petioles and leaf blades equally. In view of these results, in the all following experiments, seeds of all strains were sprayed once with 1 mM of GA 3 , just after sowing.
Light conditions for analysis of mutant phenotypes
Using fifth foliage leaves, we compared the effects of mutations on petiole length and on leaf blade length. Phenotypes were examined under two light environments, as described in Materials and Methods (standard and strong-light conditions). As shown in Fig. 1 , wt leaf petioles were significantly shorter under strong light, while the length and width of leaf blades were less affected by the difference in culture conditions. The dimensions of the leaf blade were basically the same under the two conditions but the phyB mutant phenotypes of leaf petioles were more marked in plants cultivated under strong-light conditions (Table 1 , 2). The length of the petiole was 15.9±2.5 mm (n = 34) in the wt and 17.9±1.5 (n = 13) in phyB plants under standard condition, with no significant difference between values (P<0.05; Student's t-test). However, under strong-light conditions, the length of the petiole was 6.2±1.1 mm (n = 39) in the wt and 12.5±2.5 (n = 15) in phyB, and the difference was significant. Leaf blades in the phyB mutant were significantly smaller than those of the wt under both standard and strong-light conditions (Table 1 , 2). This result indicates that elongation of the leaf petiole and expansion of leaf blades are oppositely controlled by the PHYB gene: negatively for elongation of the leaf petiole and positively for expansion of leaf blades.
To confirm the interpretation that expansion of the leaf blade and elongation of the leaf petiole are regulated by phytochrome in opposite ways, we examined the effects of various kinds of light on the growth of the blade and petiole of fifth foliage leaves from wt plants (Fig. 2) . As shown in Fig. 2 , elongation of leaf blades was accelerated by irradiation with white light, red light and blue light, whereas these light conditions suppressed the elongation of the leaf petiole. In contrast, farred light suppressed elongation of leaf blades but promoted elongation of leaf petioles (Fig. 2) .
The size of leaf petioles and leaf blades
We compared the effects of various mutations on the growth of leaf petioles with those on the growth on leaf blades. The phyB mutation resulted in a longer petiole and shorter leaf blade than the wt, while the other four mutations (acl2, gai, ga1 and rot3) resulted in short leaf petioles and small leaf blades ( Fig. 3 and Table 1 , 2).
When we analyzed the interactions among genes, we found that the phenotype of the gai phyB double mutant was additive in leaf petioles and blades, an indication that GAI and PHYB act independently in the development of these organs ( Fig. 3 and Table 1 , 2). Similarly, the phenotype of the ga1 phyB double mutant was additive in leaf petioles. Although the ga1 phyB leaf blades were slightly longer than the wt blades under standard conditions, where the phyB phenotype is weak (Table 1) , leaf blades of the double mutant revealed an additive phenotype with respect to the parental phenotypes under strong-light conditions (Table 2) . Thus, the ga1-2 phyB double mutant can be interpreted to exhibit an additive effect. If this interpretation is correct, GA1 and PHYB also appear to act independently in the development of these organs ( Fig. 3 and Table 1 , 2). Thus, the PHYB-and GA-related pathways appeared to operate independently in terms of their effects on the dimensions of the leaf petiole and the leaf blade.
The rot3 and the acl2 mutations, which caused similar defects in petiole length, were also found to act independently of each other in leaf formation, as were the rot3 and phyB mutations ( Fig. 3 and Table 1 , 2). The parental phenotypes were also additive in acl2 phyB (Fig. 3 and Table 1 , 2). 
Control of cell size in leaf petioles
To clarify the histological basis of the phenotypes of petioles of the mutant plants, we measured the dimensions of cells in the adaxial epidermis of the leaf petioles of all strains. As shown in Table 3 , a change in length of leaf petioles in phyB and acl2 mutants coincided with a change in the size of epidermal cells. For example, under strong-light conditions, the length of leaf petioles of the phyB mutant was 184% that of wt, and the length of the epidermal cells of phyB was 240% that of the wt. The length of leaf petioles of the acl2 mutant was 77% that of the wt, and the length of epidermal cells of the acl2 mutant was 81% of that of the wt. However, in the gai, ga1 and rot3 mutants, no such close correlation with phenotype was evident, in particular, under strong-light conditions (Table 3) .
Control of cell size in leaf blades
The effects of the mutations on the anatomy of the expansion of leaf blades were also examined. In considering expansion of the leaf blade, Smith (1995) proposed that Phy A and Phy B might predominantly control the polar elongation of cells, while other phytochromes might be responsible for the non-directional enlargement of cells. Our study confirmed that the elongation of cells is controlled by PHYB in leaf petioles (Table 3 ). However, it was also apparent that the phyB mutation affected not only the enlargement of cells but also the number of cells in the leaf blade (Table 4 ). The decrease in the number of cells in leaf blades of the phyB mutant was obvious only when cell files were examined in the leaf-width direction.
The gai mutant had larger cells in the leaf-length direction than wt cells but there was no change in cell size in the leaf-width direction (Table 4 ). The gai mutant had fewer cells in both the leaf-width and leaf-length directions. 
Discussion
Leaf petioles and leaf blades
In this study, the effect of a single gene differed depending on whether expression occurred in the leaf petiole or blade. For example, the PHYB and ACL2 genes appeared to affect cell size exclusively in leaf petioles. By contrast, some genes affected both the size and number of cells in leaf blades. Moreover, the phyB mutation had opposite effects on cell size in leaf petioles and in leaf blades. Thus, from a genetic perspective, leaf petioles and leaf blades can be treated as different organs, although the functions of some genes (e.g. ROT3) are shared by both organs.
Genetic regulation of petiole length by control of cell length
The elongation of some plant organs is accompanied by cell proliferation. Expansion of the leaf blades of Arabidopsis represents the sum of the results of cell elongation and proliferation (e.g. Pyke et al. 1991 , Tsuge et al. 1996 , Kim et al. 1998b , Donnelly et al. 1999 , Nakaya et al. 2002 , while the expansion of Arabidopsis cotyledons and the elongation of hypocotyls are mainly dependent on cell elongation (Tsukaya et al. 1994 , Gendreau et al. 1997 ). In the case of phyB and acl2 mutations, there was a good correlation between the change in size of petiole epidermal cells and the change in length of leaf petioles (Table 3) . Thus, the products PHYB and ACL2 appear to regulate petiole length via control of cell length for the most part. In contrast, the elongation of leaf petioles under the control of GA 3 seemed to be mediated by cell elongation and cell proliferation, in particular when plants were cultivated under stronglight conditions (Table 3 ). The ROT3 gene also seems to control the length of the leaf petiole via regulation of cell elongation for the most part under standard conditions, whereas ROT3 appears to control the length of the leaf petiole via regulation of both proliferation and elongation of petiole cells under stronglight conditions (Table 3) . Further detailed studies of the control of the elongation of petiole should be carried out for the above mentioned mutations.
Shade avoidance syndrome and the phyB mutation
Contradictory results have been reported with respect to the morphology of leaves of phyB mutants. Robson et al. (1993) concluded that the phyB mutation results in greater leaf area than in the wt at a high ratio of intensities of red to far-red light. By contrast, Reed et al. (1993) reported that a phyB mutant had smaller leaf areas than the wt, citing the data of Nagatani et al. (1991) . There is some confusion, however, since Reed et al. (1993) did not provide a statistical analysis of their data, and the original data of Nagatani et al. (1991) did not include absolute sizes, but only the ratio of petiole length to leaf width in a phyB mutant. We performed a two-dimensional anatomical analysis of leaves of the phyB mutant. As shown in Fig. 3 , and Tables 1 and 2, the phyB mutant had smaller, narrower leaf blades than the wt; these differences were attributable to defects in both the size and number of cells (in particular in the leaf-width direction), and plants had long leaf petioles as a result of an increase in cell length (Table 3) . These phenotypes seem to be suitably adaptive since plants should be able to extend their leaf petioles without expanding their leaf blades when they are exposed to shade. Selective pressures might have stimulated the evolution of different controls for the growth of leaf petioles and leaf blades. The growth of leaves under various light conditions (Fig. 2 ) also supports this hypothesis. Further detailed analyses of the effects of the quality of light on leaf morphogenesis are underway using various mutants in photoperception and focussing on genes that control the elongation of leaf petioles. Cells in leaf blades continue to proliferate until almost the end of the process of leaf expansion in A. thaliana (Tsuge et al. 1996 , Kim et al. 1998b , Donnelly et al. 1999 . Decreases in both the number and size of cells in phyB leaf blades suggest that the development of the leaf blade ceases earlier in the phyB mutant than in the wt. However, the number of cells in leaf petioles was normal in the phyB mutant. Thus, cell proliferation in the leaf petiole seems to stop, even in the shade-avoidance syndrome during which cell elongation continues. Cell elongation in leaf petioles and early cessation of development of leaf blades might act as an adaptive mechanism for exposure of leaf blades to light.
Genetic control of histogenesis in leaf blades by GA-related genes
The leaf blades of the gai mutant had a unique histological phenotype, with cells of normal width and greater length, but a smaller number overall than in the wt. This phenotype might represent the sum of independent functions of the GAI gene. Recent studies of the genetic control of organogenesis suggest that the following interpretation might also be plausible. The greater length of leaf cells in the gai single mutant might represent secondary compensation for a decrease in the number of leaf cells, with retention of the minimum area of leaf blades. Such compensation is known to occur in various mutants and transgenic lines (Hemerly et al. 1995 , Mizukami and Fischer 2000 , Wang et al. 2000 and appears to be common in leaf morphogenesis (Tsukaya 2002a) , while the opposite type of compensation is not known. A compensatory increase in cell enlargement might be a general response of plant cells when proliferation is suppressed in a given organ (see Tsukaya 2002a) .
Since the polarized growth of leaf cells in the leaf-width direction is unaffected by growth in the leaf-length direction, as shown previously in the ROT3/AN system in Arabidopsis (Tsuge et al. 1996 , Kim et al. 1998a , Kim et al. 1999 , Kim et al. 2002 , compensatory elongation of cells might not affect cell width. If this assumption is valid, then it is reasonable to suggest that the gai gene might control the proliferation of cells in the lamina. Since the phenotypes of the ga1 and gai mutants differed slightly, the GA-dependent pathway might be subdivided into a GAI-dependent pathway and another pathway, as yet unidentified in detail. Silverstone et al. (1997) proposed a similar branching model of GA-dependent controls for stem elongation, suggesting the complexity of mechanisms that regulate plant growth via GA-mediated pathways.
Most studies of PHY-and/or GA-related mutations and their effects on plant growth have tended to focus on elongation of the stem or hypocotyl. This report is the first, to our knowledge, to focus on the effects of GA-and PHYB-related pathways in relation to the polarized growth of leaves, and it should serve as a basis for further analysis of mutants under various light conditions and help to reveal new aspects of photo-regulation of plant organogenesis.
Materials and Methods
Plant materials
The acl2-1 and rot3-1 mutants of Arabidopsis were isolated as previously reported , Tsuge et al. 1996 . The rot3-1 is a null allele of the rot3 mutations (Kim et al. 1998a) . The phyB-9 mutant (=hy3 EMS142), a null allele of the phyB mutation , was kindly provided by Dr. A. Nagatani (Kyoto University, Japan) and the null-type ga1-2 and gai mutants were kindly provided by Dr. N. Olszewski (University of Minnesota, U.S.A.). All mutations were on the Columbia genetic background. Double recessive mutants were constructed by crossing mutant strains. All double mutants were segregated from the F 2 population based on new phenotypes and a segregation ratio of 15 : 1. The double-mutant strains were confirmed to have the appropriate mutations by test-crossing with each of the parental strains. For measurements of leaf blades and petioles, the first set of foliage leaves were measured 3 weeks after sowing or fifth foliage leaves (Tsuge et al. 1996) were measured after plants had bolted (ca. 30 d after sowing). Plant culture Plants were grown on rockwool or vermiculite moistened with MGRL medium (Tsukaya et al. 1991) at 22°C under continuous white fluorescent light (photon flux density, 67.4±14.0 mmol m -2 s -1 ) as described previously (Tsuge et al. 1996) as the standard culture conditions. For examinations of the effects of light intensity, plants were cultivated at 22°C under 12 h of strong light and 12 h of darkness with white fluorescent light (photon flux density, 233.4±11.6 mmol m -2 s -1 ) as strong-light conditions.
Light sources and conditions for irradiation
Plants were grown on MS0 medium (Tsukaya et al. 1991) in Petri dishes for 14 d at 22°C under continuous white light before treatments. Seeds were sterilized with a solution of NaClO (Tsukaya et al. 1991) , and then incubated for 3 d in sterile, distilled water at 4°C before sowing. All experiments were carried out at 22°C. For analysis of the effects of light at 50.0 mE m -2 s -1 on the elongation of leaf blades and leaf petioles, we used the following light sources: continuous white light provided by 18-W cool-white fluorescent tubes (FL20SSW/18; Toshiba Co. Ltd., Tokyo, Japan); red light provided by combination of 20-W red fluorescent tubes (FL20SSRe66; Toshiba Co. Ltd.) and a red acrylic filter (Acrylite no. 102; Mitsubishi-Rayon Co. Ltd., Tokyo, Japan); far-red light provided by a combination of 20-W far-red fluorescent tubes (FL20SFR-74,; Toshiba Co. Ltd.) with the red acrylic filter (Acrylite no. 102) and a far-red metacrylic filter (Delaglass-A no. 900; Asahi-kasei Co. Ltd., Tokyo, Japan), and blue light provided by a combination of 20-W blue fluorescent tubes (FL20SB; Toshiba Co. Ltd.) and a purple acrylic filter (Acrylite no. 373; Mitsubishi-Rayon Co. Ltd.). Before treatments with a specific light for 42 h, plants were treated with far-red light for 15 min and then cultivated 6 h in complete darkness. All measurements of dimensions of leave were made just before and just after treatments.
Anatomical studies
Samples of leaf petioles were fixed in FAA solution and cleared with chloral hydrate, as described previously (Tsuge et al. 1996 , Kim et al. 1998a ). Sectioning of fixed specimens, which were embedded in Technovit resin (Kulzer & Co. GmbH, Wehrheim, F.R.G.), was performed as described elsewhere (Tsukaya et al. 1993 , Tsuge et al. 1996 . Samples were photographed under Nomarski optics, as described previously (Tsukaya and Uchimiya 1997) . Then cells were measured and counted.
